The identification and location of groundwater-dependent ecosystems are the first steps in protecting and managing them. Such identifications are challenging where the surface expressions of groundwater are not obvious. This work presents a remote-sensing-based approach to infer the groundwater dependence of semiarid shrubs from their association with fractures that facilitate root access to groundwater. As a case study, we used the Ziziphus lotus matorral in south-east Spain, a priority conservation habitat in the European Union (Habitat 5220*, Directive 92/43/EEC) that is highly threatened by agricultural and urban sprawl. The approach combines object-based image analysis of high-resolution orthoimages to map Ziziphus individuals, geomorphometric analysis of a lidar-derived terrain model to map bedrock fractures, and spatial statistics to assess the association between Ziziphus and fractures. Electrical resistivity tomography was used to validate the identified fractures, and the seasonal dynamics of the normalized difference vegetation index was used to prove that Z. lotus maintained higher greenness during the summer drought and was less coupled with precipitation than the nearby nonphreatophytic vegetation. A majority (61%) of the Ziziphus patches, particularly the smallest ones, occurred within 50 m of faults. This spatial association between phreatophyte shrubs and fractures contributes to the identification of groundwater-dependent ecosystems. This approach offers several advantages because it is simple, low cost, and non-destructive. In addition, the differentiation of shrubs into size classes provided insights into the long-term environmental controls underlying the establishment of Ziziphus individuals. The evidence of groundwater dependence by Z. lotus in Habitat 5220* indicates the need for its urgent protection under the Water Framework Directive.
obliges member states to first identify and inventory surface ecosystems associated with groundwater bodies and, second, to designate influence areas for their subsequent protection (Boulton, 2005; Kløve, Balderachi, et al., 2014) . Thus, the development of cost-effective methods to identify and locate GDEs and to systematically characterize their dependence on groundwater emerges as an important step for their conservation and management (Barron et al., 2012; Brown, Bach, Aldous, Wyers, & DeGagné, 2010; Münch & Conrad, 2007) .
The identification and monitoring of GDEs are often time-consuming and costly exercises that require a high level of technical expertise (Eamus et al., 2015) . Although several methods have been implemented in this direction (Eamus et al., 2015; Pérez-Hoyos, Krakauer, Khanbilvardi, & Armstrong, 2016) , the development of new ones is still challenging, particularly when there is no surface evidence of groundwater presence (U.K. Technical Advisory Group, 2012), or there are not enough data and tools to recognize hypothetical GDEs. Pérez-Hoyos et al. (2016) and Eamus et al. (2015) offer a profound review of field, remote sensing, and geographic information system methods to identify and characterize GDEs. Some of these methods reveal the dependence on groundwater from the spatial relationship between phreatophytic vegetation and landforms (Pérez-Hoyos et al., 2016) . For instance, geological lineaments, fractures, and faults can often be associated with GDEs (Münch & Conrad, 2007) because they may facilitate root access to groundwater (Colvin, Le Maitre, & Hughes, 2003) .
This may be the case of the arborescent semiarid shrubland of Ziziphus lotus (L.) Lam. This ecosystem is protected under the European Habitats Directive (priority Habitat 5220*, 92/43/EEC), and it is one of the few terrestrial GDEs in European drylands. Changes in the quantity, quality, and distribution of groundwater affect GDEs especially in drylands (Murray, Zeppel, Hose, & Eamus, 2003) . In Spain, Ziziphus shrublands can be affected by the decline in water table levels due to the overexploitation of groundwater (García et al., 2003) , as well as by its direct fragmentation and destruction due to greenhouse agriculture and urban sprawl (Tirado, 2009) . Several traits indicate a strong dependence of Z. lotus on groundwater: (a) it has deep roots that can extend up to 15 m horizontally (Walter & Breckle, 1986) and 60 m vertically (Le Houérou, 2006) , enabling the roots to reach groundwater; (b) it accumulates a relatively large biomass for dryland conditions, reaching heights up to 5.5 m, areas of 500 m 2 , and biovolumes of 900 m 3 (Rodríguez, 2016) ; (c) it extensively propagates FIGURE 1 Distribution of Ziziphus lotus in the study area. The upper panels show the official distribution of "Priority Habitat 5220*-Arborescent Shrub with Ziziphus" in Europe (black squares; European Union Directive 92/43/EEC; EEA, 2015) and the records of Z. lotus contained in the Global Biodiversity Information Facility (December 2016) in North Africa and the Middle East (grey triangles). The lower panel shows the study area (blackdash polygon) in the semiarid coastal plain of Cabo de Gata-Níjar Natural Park (white-points polygon), south-east Spain, which was surrounded by greenhouses and urban sprawl in 2016. The zoomed image shows Ziziphus patches surrounded by sparse vegetation and bare soil in 2016 (orthoimage from Google Earth). The coordinate system is ETRS89 UTM 30N
vegetatively (Walter & Breckle, 1986); it is a typical winter deciduous phreatophyte that maintains its vegetative growth throughout the Mediterranean summer drought (Gorai, Maraghni, & Neffati, 2010) ;
and (e) it is a drought-tolerant phreatophyte that reaches low water potentials during the driest months of the summer (Gorai et al., 2010) .
This work proposes the use of remote sensing methods to map the spatial distributions of shrubs and fractures as a means to identify GDEs in drylands. Our guiding hypothesis was that groundwater dependence could be revealed through the spatial relationship between the distributions of shrubs and bedrock fractures that would facilitate their access to groundwater. As a proof of concept, we used the spatial distributions of Z. lotus and fractures in a semiarid plain where there is no surface evidence of groundwater presence. For this, we first mapped the shrubs using object-based image analysis (OBIA) of very high-resolution orthoimages and the fracture zones using digital elevation models derived from light detection and ranging (lidar), and then we assessed the overlap of the two maps. In addition, we used electrical resistivity tomography to validate the detection of fractures and the satellitederived seasonal dynamics of vegetation greenness to show the Z. lotus growth during the dry season as a proof of groundwater dependence.
| MATERIALS AND METHODS

| Study area and hydrogeological framework
The study site is a semiarid coastal plain (4.7 km 2 ), located in the Natural Park of Cabo de Gata-Níjar, Spain (36°49′43″N, 2°17′30″W; Figure 1 ).
The average annual temperature is 19°C, annual rainfall is 200 mm, and annual potential evapotranspiration is 1,390 mm (Oyonarte, Rey, Raimundo, Miralles, & Escribano, 2012) . The maximum altitude is 33 m above sea level and the slope is 2-3%. Geologically, it is composed of Quaternary deposits fractured by two major tectonic events that produced sinistral fractures oriented ≈N43°E (sometimes with a vertical component) and normal faults oriented ≈N150°E (Goy & Zazo, 1983 Sola et al., 2007) . The lithology and stratigraphy are characterized by an upper Miocene-Pliocene basal substrate on which 80 m of Pliocene-Quaternary conglomerates and sandstones settle. Frequently, there are also silts and clays interbedded with fractured calcareous crusts on the surface. The soil water retention capacity is extremely low because of its sandy-loam texture and very thin soil layer (Chamizo, Rodríguez-Caballero, Cantón, Asensio, & Domingo, 2015) .
The local aquifer is coastal, shallow, free, and composed of gravel and sand deposits located in the discharge zone at the end of two wadis basins. Although it could be considered as the south-west extension of the main regional aquifer (Hornillo-Cabo de Gata), it is hydraulically separated by a major fault (Daniele, Sola, Izquierdo, & Bosch, 2010) . Consequently, recharge mainly comes from the limited local rainfall and negligibly comes from irrigation returns and nearby aquifers. Groundwater withdrawals for greenhouse irrigation have increased over the last few decades, causing a 30-m decline of the water table in the main aquifer. As a result of such high withdrawals and low recharge, there is regional evidence of seawater intrusion (García et al., 2003) .
The vegetation shows a typical structure of semiarid formations with a matrix of annual grasses and small shrubs interrupted by small bare ground extensions and patches of arborescent shrubs (Rivas Goday & Bellot, 1944; Tirado & Pugnaire, 2003) . These patches are dominated by Z. lotus, a large hemispherical thorny shrub that reaches up to 3-5 m in height and forms patches (Ziziphus patches hereafter) with average areas greater than 100 m 2 . Its thorny structure and deep roots mark it as an ecosystem engineer that produces green biomass during the summer drought and uplifts water from the deep layers to the upper soil, thus acting as a fertile island refuge for many plant and animal species (Lagarde et al., 2012; Tirado, 2009; Tirado & Pugnaire, 2003 , 2005 .
| Workflow, datasets, and ground truth
To derive the dependence of the vegetation on groundwater from the spatial patterns of phreatophytic shrubs (Figure 2 ), we first mapped the spatial patterns of Ziziphus patches and fracture zones that could facilitate access to groundwater, and we then analysed their spatial relationship.
| Mapping Ziziphus lotus patches
The mapping of Ziziphus patches was based on the OBIA of an aerial First, we partitioned the orthoimage and surface model into significant objects (segments or polygons) with similar characteristics in space, colour, and height (Hay & Castilla, 2006) . For this, we optimized the effectiveness of the multiresolution algorithm in eCognition (v.8.9, Trimble) with 3,240 combinations of three dimensionless parameters: shape, compactness, and scale (Esch, Thiel, Bock, Roth, & Dech, 2008) We used 70% of the samples for training and 30% for validation. Validation was assessed by Hellden's mean accuracy and the kappa index on the error and confusion matrix (Cohen, 1968) .
| Detecting lineaments by geomorphometric analysis
Because the geological maps were too coarse to locate fractures in the area, an ad hoc fracture map was developed from the interpretation of ground surface lineaments (Evans, 1972) . To do so, we performed a geomorphometric analysis of the same lidar-derived elevation model described above following Jordan (2003) based on the detection of ground curvatures. First, to enhance the visual detection of lineaments, four shaded reliefs were created with the insolation set to low inclinations (10°, 20°, 30°, and 45°solar elevation angle, with three times vertical exaggeration) and the sunshine azimuths perpendicular to the two known main tectonic fractures in the region: directions N40°E to N45°E and N140°E to N160°E (Ramli, Yusof, Yusoff, Juahir, & Shafri, 2010) . Second, to identify the valleys and ridges, the drainage network was calculated using the D8 algorithm (Jenson & Domingue, 1988) . Third, the degrees of the slope, aspect, and curvature were calculated at eight spatial scales (from 
| Validating fractures with geophysical methods
Because underground electrical resistivity methods are costly and timeconsuming, only two orthogonal profiles were performed on two lineaments to validate the fracture detection in the study area (Zhu & Zhou, 2014; Schütze et al., 2012) . The two chosen lineaments were not present in the geological map but were newly identified in this study and presented a linear distribution of Ziziphus patches. Each profile was randomly set perpendicular to its lineament. The results for only one of the profiles are shown, but both profiles provided enough evidence for fracture detection. SAS 4000 Terrameter equipment (ABEM, Inc.) was used to measure the underground resistivity, with an approximate resolution of ±1 μV. Data were acquired through four multiple channels with a set of electrodes and GRAD4S8/GRAD4 LX8 gradient protocols (ABEM, 2006) . The gradient protocol uses a Wenner-Schlumberger device with multiple channels (Dahlin & Zhou, 2006) . The profiles were 80 m long, were south-east (SE)/north-east oriented, and had a 1-m 
PSE assesses the geometric or contour coincidence. r k is the area of the field-digitized polygons in the reference dataset, s i is the overestimated area of the OBIA-obtained segments, and i and k vary from 1 to the number of polygons and segments, respectively.
NSR assesses the arithmetic or surface coincidence. abs is the absolute value of the difference between the number of field-digitized polygons (m) and the number of OBIA-obtained segments (v). the consistency of the electrical resistivity tomography profiles (Marescot et al., 2003; Oldenburg & Li, 1999) . The most restrictive cut-off value of 0.1 was used to consider the data as highly reliable.
| Analysis of association of Ziziphus patches with fractures
To assess the spatial relationship between the Ziziphus patches and detected fractures, the average minimum distance was calculated between all centroids of the Ziziphus patches and fractures in the PASSaGE 2 software (Rosenberg & Anderson, 2011) . The analysis compares the minimum distances to fractures from the OBIA-mapped Ziziphus patches against the minimum distances to fractures from randomly distributed Ziziphus patches. To assess the significance of the difference in the average minimum distance, 999 maps of randomly distributed
Ziziphus patches (with the same number of patches and areas as in the OBIA-map) were created, and the minimum distances of each iteration were recorded. To assess whether bedrock fractures would particularly facilitate the access to groundwater by smaller Ziziphus shrubs, Ziziphus patches (in the OBIA map and in the random maps) were grouped into four size categories using the quartiles of the area, and significant differences of the average minimum distances among sizes were assessed using a Kruskal-Wallis test with multiple comparisons.
| Proving groundwater dependence from normalized difference vegetation index dynamics
To prove the dependence of Z. lotus on groundwater in the study area, , and the largest patch reached 511 m 2 . The mean size was 119 m 2 , whereas the median size was 100 m 2 ( Table 2 ). The population histogram (Figure 3) shows that the size of the Ziziphus patches is The classes were created using quartiles (area increases from Z1 to Z4). The mapping of 1,982 patches was based on object-based image analysis of a 10 cm × 10 cm RGB orthoimage and a 1 m × 1 m lidar-derived digital surface model that were simultaneously acquired in August 2011 in the semiarid coastal plain of Cabo de Gata-Níjar Natural Park, south-east Spain.
FIGURE 3
Map of the Ziziphus patches differentiated in four size classes. The mapping was based on object-based image analysis of a 10 cm × 10 cm RGB orthoimage and a 1 m × 1 m lidar-derived digital surface model that were simultaneously acquired in August 2011. The inset histogram shows the frequency distribution of the patch sizes and the quartiles used to separate them into four size classes. The lineaments of the Ziziphus patches can be visually discerned mainly along and perpendicular to the coast and to the east and west wadis (in grey) that limit the study area (dashed black polygon). The coordinate system is ETRS89 UTM 30N slightly skewed towards smaller individuals, with the Z2 size group (63 and 100 m 2 ) reaching the highest frequency (1.39 skewness index and 5.51 kurtosis index). Large individuals (e.g., larger than 300 m 2 ) were relatively scarce.
| Fracture zone map
More than 20 km of lineaments was identified (Figure 4) . The map showed relief structures in the area with high detail. The lineaments were drawn in the direction of N140°E to N160°E, that is, parallel to the main known tectonic fractures (Goy & Zazo, 1986) , although some structural features that were oriented N40°E to N45°E were also observed. The most appropriate geomorphometric maps were calcu- 
| Association of Ziziphus patches with fractures
Ziziphus patches showed linear spatial patterns associated with fracture zones and tended to be more frequent near the fractures (Table 3 ). In addition, smaller patches tended to be relatively more frequent near fractures than larger patches ( Figure 6 ). Indeed, the average minimum distance of Ziziphus patches to fracture zones tended to increase with patch size (Table 3) , and the smallest shrubs (Z1 group) were closest to the fracture zones, with an average of 43 m and a median of 33 m. The distances to fractures of the smallest groups (Z1, Z2, and Z3 groups) were significantly smaller than the distances of the largest patches (Z4 group; p = .05, n = 1,832, Kruskal-Wallis test; Table 4 ).
| Proving groundwater dependence from NDVI dynamics
The Decrease in the abundance (frequency) of Ziziphus patches (per size class) as the minimum distance to fracture zones increases. The 1,832 mapped Ziziphus patches were separated using quartiles into four size classes of 458 polygons each (size increases from Z1 to Z4, Table 2 ) to illustrate how smaller patches were more abundant near fractures than larger patches. A total of 61% of the Ziziphus patches occurred within 50 m from faults. The Ziziphus cover was 11%, and Ziziphus density was nine individuals per hectare in the first 50 m from fractures, whereas these values were 5% and four individuals per hectare in the rest of the extent of occurrence in the study area Ziziphus patches were closer than random points to fractures, and the distance to fractures decreased from the largest (Z4) to smallest (Z1) size class (see sizes in Table 2 ). The distances were calculated using AMD analysis from each Ziziphus patch centroid to the closest fracture in the semiarid coastal plain of Cabo de Gata-Níjar Natural Park, south-east Spain. AMD = average minimum distance. The size increases from Z1 to Z4 (see Table 2 ). The distance from the largest patches (Z4) to fractures was significantly longer than that for the rest of the classes (Z1, Z2, and Z3). The significance of the AMD difference was evaluated using a Kruskal-Wallis multicomparison test (p = .05; n = 916). AMD = average minimum distance.
| Z. lotus arborescent matorral habitat as a GDE in SE Spain
Vegetation greenness is known to be driven in this region by climate (mainly precipitation) but is modulated by lithology and vegetation (Cabello, Alcaraz-Segura, Ferrero, Castro, & Liras, 2012) . The different dynamics and higher NDVI values maintained by Z. lotus during the summer drought confirmed that it behaves as a phreatophyte (Contreras et al., 2013) in SE Spain as it does in other regions (Gorai et al., 2010; Maraghni, Gorai, Neffati, & Van Labeke, 2014) . This behaviour was also revealed by the tendency that all Ziziphus patches were concentrated along fractures. This can be explained as a facilitation to plant establishment because fractures form clay deposits with greater water holding capacities (Dekker & Hughson, 2014) and act as corridors to access groundwater (Colvin et al., 2003) . Indeed, identifying GDEs is an increasingly demanded step in Europe (Boulton, 2005; Kløve et al., 2011) for the protection and management of GDEs under the WFD (Articles 1 and 6) and a first step for the assessment of the hydrological ecosystem services (Carvalho-Santos et al., 2013) provided by GDEs. This identification becomes a challenge when groundwater is not observed on the surface at any time of the year (U.K. Technical Advisory Group, 2012), and our approach can assist with this purpose.
| Potentials and limitations of this approach to identify GDEs
The approach developed in this study that is based on the spatial relationship between the remotely sensed spatial distributions of phreatophytes and fractures offers several advantages for identifying potential
GDEs. The method is simple, relatively low cost, and non-destructive (neither to soil nor plants; Eamus et al., 2006) . Our method proved to be particularly successful in semiarid regions, where the spatial distribution of phreatophytic vegetation is conditioned by root lengths (Canadell et al., 1996) , aquifer depths (Hinsby, de Melo, & Dahl, . Precipitation and temperature data were obtained from the Almería airport meteorological station, which is close to the study area, for the same period. The NDVI of the nonphreatophytic vegetation was coupled with precipitation, whereas the Ziziphus patches maintained higher NDVI during the summer drought 2008), and the presence of bedrock fractures that facilitate the access to groundwater (Aich & Gross, 2008) . In addition, the inertia in the spatial distribution of long-lived shrubs (see Garcia & Zamora, 2003) such as Z. lotus minimizes the noise that external factors such as human disturbances of groundwater may have on the determination of the groundwater dependence of an ecosystem (Lautz, 2008) . One of the limitations is that the collection of very-high-resolution imagery and digital elevation models can be difficult for some areas. However, as Guirado et al., (2017) proved, the use of OBIA and convolutional neural networks on freely available Google Earth high-resolution images offers very high accuracies to detect phreatophytic shrubs such as Z. lotus. Even if a fine-resolution fracture map was not available, the mere detection of spatial lineaments in phreatophytic plants could be used as an indirect indicator of potential groundwater resources (even more if the plant lineaments agree with the direction of the main regional faults) to support further evaluations.
| CONCLUSION
This work provides a remote-sensing-based approach for the increasingly demanded identification of GDEs as a means for their protection and management (Boulton, 2005 , Kløve et al., 2011 . The spatial association between the remotely sensed spatial distribution of Z. lotus shrubs and bedrock fractures helped identify a GDE in a dryland where the surface expressions of groundwater are not obvious. The majority (61%) of the Z. lotus patches, particularly the smallest ones, were concentrated within 50 m from fractures, which facilitate their access to groundwater. Electrical resistivity tomography was used to validate the identified fractures and the seasonal dynamics of the NDVI to prove that Z. lotus maintained higher greenness during the summer drought and was less coupled with precipitation than the nearby nonphreatophytic vegetation. The proposed approach used to identify GDEs requires only very-high-spatial-resolution RGB orthoimagery for shrub mapping (e.g., from Google Earth; see Guirado, Tabik, AlcarazSegura, Cabello, & Herrera, 2017) , an accurate fracture map (e.g., derived from a digital elevation model), and spatial statistics to assess the association between shrubs and fractures. The already reported decline of Habitat 5220* in Europe (European Environment Agency, 2015), which is an "Arborescent matorral with Ziziphus," and our proven dependence of the main European Z. lotus population on groundwater indicate the need for its urgent assessment under the WFD to comply with the compulsory registration and protection of GDEs (Articles 1 and 6 and Annex 4.5 of WFD). Such assessment must eventually lead to the designation of influence areas for their subsequent protection (Boulton, 2005; Kløve, Balderachi, et al., 2014) .
